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SUMMARY 


^  The  goals  of  this  research  contract  are  to  examine  the  primary  action  of 
Shigella  dysenteriae  1  toxin  as  an  inhibitor  of  eukaryotic  protein 
biosynthesis.  Two  major  objectives  of  this  investigation  are  designed  to 
reveal  Shiga  toxin-induced  changes  in  ribosome  structure-function  relation¬ 
ships.  These  objectives  are  1)  to  explain,  in  biochemical  terms,  the  manner  b 
which  Shiga  toxin  enzymatically  inactivates  mammalian  ribosomes  and  2)  to 
define  the  steps  of  protein  biosynthesis  which  are  specifically  inhibited  by 
the  toxin  as  a  result  of  ribosome  modification.  A  comparsion  between  Shiga 
toxin  and  a  similar  plant-derived  toxin  is  to  be  made  in  regard  to  ribosome 
inactivation.  It  is  likely  that  information  obtained  from  these  studies  will 
be  of  value  in  describing  the  role  of  Shiga  toxin  in  establishment  of 
intestinal  infections  by  the  toxin-producing  Shigella  species.  In  this 
contract  period  we  have  shown  that  Shiga  toxin  is  an  inhibitor  of  peptide 
elongation  in  reticulocyte  protein  synthesis.  More  exactly,  we  have  demon¬ 
strated  that  Shiga  toxin  specifically  inhibits  aminoacyl-tRNA  binding  to 
ribosomes,  a  step  catalyzed  by  protein  synthesis  elongation  factor  2.  Changes 
in  ribosome  structure  as  a  result  of  toxin  action  was  also  investigated  during 
the  present  contract  period.  It  has  been  determined  that  Shiga  toxin  does  not 
cause  hydrolysis  of  ribosomal  RNA  to  yield  fragments  larger  than  10  nucleo¬ 
tides.  Recent  studies  involving  RNA  sequencing  indicate  that  the  3'  terminal 
region  of  5.8S  ribosomal  RNA  remains  intact  following  toxin  inactivation  of 
ribosomes.  Examination  of  the  5'  and  3*  termini  of  the  other  ribosomal  RNA 
species  is  in  progress.  Finally,  comparative  analysis  of  ribosomal  proteins 
from  control  and  toxin-treated  ribosomes  using  the  two-dimensional  gel  electro 
phoresis  technique  has  resulted  in  identical  patterns.  "It  is  concluded  that: 
1)  Shiga  toxin  is  an  inhibitor  of  protein  synthesis  elongation  and  is  without 
effect  on  the  initiation  process,  21  Shiga  toxin  does  not  hydrolyze  ribosomal 
RNA  into  larger  fragments  and  3)  the  toxin  does  not  result  in  modification  of 
ribosomal  proteins  which  would  cause  a  major  change  in  their  mass  or  iso¬ 
electric  points.  {  -r 


FOREWORD 

In  conducting  the  research  described  in  this  report,  the  investigator 
adhered  to  the  "Guide  for  the  Care  and  Use  of  Laboratory  Animals",  prepared  by 
the  Committee  on  Care  and  Use  of  Laboratory  Animals  of  the  Institute  of 
Laboratory  Animal  Resources,  National  Research  Council  (DHEW  Publication  N'o. 
NIH-7S-23 ,  Revised,  1978). 


BODY  OF  THE  REPORT 


Statement  of  the  Problem 

1.  Shiga  toxin,  as  a  documented  inhibitor  of  mammalian  protein  biosynthesis, 
may  specifically  affect  individual  functional  steps  in  the  overall 
process. 

2.  The  toxin,  known  to  inactivate  large  ribosomal  subunits,  may  interact  with 
and  modify  a  protein  or  RNA  component  of  the  ribosome. 

3.  Toxin-induced  structural  modification  of  the  ribosome  may  be  responsible 
for  the  change  in  ribosome  protein  biosynthetic  activity. 

4.  Because  the  process  of  eukaryotic  cytoplasmic  protein  biosynthesis  is 
virtually  identical  in  all  mammalian  cells  and  tissues,  it  is  likely  that 
information  obtained  from  this  study  will  be  pertinent  to  Shiga  toxin  mode 
of  action  in  intestinal  tissues  invaded  by  toxigenic  Shigella. 

Technical  Objectives 

1.  Describe,  in  biochemical  terms,  how  purified  Shiga  toxin  inhibits 
mammalian  protein  biosynthesis. 

2.  Identify  the  individual  functional  steps  of  protein  synthesis  which  are 
inhibited  by  Shiga  toxin. 

3.  Determine  if  the  toxin-induced  alteration  in  sub-cellular  ribosome 
function  is  due  to  a  structural  modification  of  the  ribosome. 

4.  Compare  data  from  above  with  existing  information  on  plant-derived  toxins 
which  resemble  Shiga  toxin  mode  of  action  at  ribosome  level. 


Background 

It  was  established  early  on  that  a  proteinaceous  toxin  is  produced  by  the 
pathogen  Shigella  dysenteriae  1  (1).  However,  the  relationship  of  the  toxin 
and  pathogenic  properties  of  Shigella  bacilli  remains  to  be  fully  determined. 
During  infection,  Shigella  penetrates  the  bowel  epithelium  and  causes  intes¬ 
tinal  lesions  (2).  It  has  been  sugggested  that  a  toxin  produced  by  Shigella 
dysenteriae  1  is  responsible  for  eliciting  host  responses  to  the  pathogen 
(3,4).  Host  responses  to  Shigella  include  fluid  production  by  ileal  loops,  in 
vitro ,  and  diarrhea,  in  situ  (4). 

Moreover,  a  further  understanding  of  Shiga  action  in  the  disease  process 
would  be  aided  by  a  series  of  investigations  utilizing  purified  toxin.  With 
partially  purified  toxin,  several  concepts  pertinent  to  Shiga  toxin  function 
have  become  known.  It  appears  that  Shiga  toxin  is  cytotoxic  to  several  cell 
lines  including  HeLa  human  cervical  carcinoma  and  WI-38  human  fibroblasts 
(5-8).  In  addition,  the  relative  activity  of  Shiga  toxin  in  cell  cultures  is 
parallel  to  that  in  the  rabbit  ileum  test  system  (6).  From  these  data  one 
might  hypothesize  that  Shiga  toxin  is  a  non-selective  agent  which  manifests  its 
toxic  properties  on  a  wide  array  of  cell  and  tissue  types.  However,  recent 


reports  indicate  that  toxin  from  Sk.  Shigae  exhibits  high-affinity  binding  to  a 
limited  number  of  cell  types  (8,9).  This  strongly  suggest  that  the  toxin 
resembles  other  well-known  microbial-derived  toxins  (i.e.,  diphtheria  toxin, 
cholera  toxin  and  Pseudomonas  exotoxin  A)  which  bind  with  high  affinity  (Kd  - 
10'10  M)  to  receptors  on  cells  (10). 

All  of  the  above  mentioned  toxins  appear  to  be  potent  inhibitors  of 
protein  biosynthesis  in  eukaryotic  cells.  It  is  generally  accepted  that 
clinical  symptoms  associated  with  these  toxin-producing  bacteria  are,  in  part, 
a  result  of  their  effect  on  protein  synthesis.  To  go  one  step  further,  it  has 
been  suggested  that  Shiga  toxin  also  elicits  different  physiological  responses 
in  the  host  target  by  virtue  of  its  ability  to  efficiently  inhibit  protein  by 
biosynthesis  (11).  Indeed,  there  is  ample  evidence  indicating  that  Shiga  toxin 
has,  as  its  primary  action,  the  inhibition  of  protein  biosynthesis  in  whole 
animals  (12)  cell  cultures  (8,11)  and  cell-free  lysates  (11,14).  It  seems 
clear  that  ribosomes  are  the  primary  target  of  Shiga  toxin  and  more  recent 
results  indicate  that  the  large  ribosomal  subunit  of  eukaryotic  cells  are 

specifically  affected  (15).  At  this  time,  virtually  nothing  is  known  about  the 

ribosomal  component  which  is  modified  by  Shiga  toxin. 

It  is  conceivable  that  such  information  would  be  used  to  advantage  in 
design  of  a  mode  of  therapy  for  Shiga  toxin  based  on  information  regarding  the 
ribosomal  substrate.  In  addition,  these  studies  should  lead  to  implementation 

of  a  new  molecular  assay  for  Shiga  toxin  which  would  have  great  sensitivity  and 

specificity . 

Shiga  toxin  has  been  purified  to  apparent  homogeneity  from  S^  shigae 
(9,16)  and  S . dvsenteriae  1  (17,18).  The  holotoxin  from  both  sources  has  an 
approximate  molecular  weight  of  Mr  *  70,000  (9,18).  Structural  analysis  of 
S.  shigae  toxin  (9)  indicates  its  similarity  to  cholera  toxin;  Shiga  toxin  has 
a  single  larger  peptide  of  Mr  =  30,000  and  multiple  copies  of  a  smaller 
peptide  (Mr  =  5,000).  It  is  also  apparent  that  Shiga  toxin  resembles  other 
multicomponent  proteinaceous  toxins  (19)  by  having  catalytic  toxicity  and  cell 
binding  specificity  functions  located  on  distinct  peptides.  That  is,  the 
larger  peptide  (subunit  "A")  is  catalytic  while  smaller  peptides  (subunit  "B"), 
appear  to  infer  binding  specificity  properties  of  the  holotoxin. 

Approach  to  the  Problem 


a .  General  Information 

It  seems  very  possible  that  Shiga  toxin  could  share  .many  of  the  features 
of  the  plant-derived  phvtolaccin  toxin  as  an  inhibitor  of  protein  biosynthesis 
(24).  Our  research  plan  is  designed  to  examine  the  action  of  Shiga  toxin  in 
the  test  systems  we  have  successfully  employed  in  the  study  of  plant  toxin  mode 
of  action.  These  investigations  were  designed  ,  in  part,  because  the  Principal 
Investigator  has  had  extensive  experience  in  preparation  and  use  of  protein 
synthesis  assav  systems  which  would  be  useful  in  carrying  out  the  Shiga  toxin 
study  (22-25).' 

The  primary  objective  of  this  project  is  to  describe,  in  biochemical 
terms,  how  Shiga  toxin  inhibits  protein  biosynthesis  in  mammalian  cells. 


To  achieve  this  goal,  two  aspects  of  protein  synthesis  will  be  examined  in 
reticulocyte  (rabbit)  cell-free  protein  synthesis  systems.  First,  it  will  be 
determined  what  steps  of  protein  synthesis  (i.e.,  initiation  or  elongation)  are 
affected  by  Shiga  toxin.  Second,  we  will  determine  how  Shiga  toxin  inactivates 
mammalian  ribosomes.  More  exactly,  as  Shiga  toxin  is  known  to  specifically 
inactivate  the  large  ribosomal  subunit;  a  goal  of  this  research  plan  is  to 
determine  how  Shiga  toxin  modifies  the  structural  integrity  of  the  ribosome. 
Components  of  the  large  ribosomal  subunit  including  its  47  proteins  will  be 
monitored  for  changes  resulting  from  Shiga  toxin  action.  The  following  is  an 
abbreviated  description  of  methodology  to  be  used  in  the  study  of  Shiga  toxin 
mode  of  action  as  an  inhibitor  of  protein  biosynthesis.  Abbreviations 
appearing  include: 

rRNA  -  ribosomal  ribonucleic  acid 
rprotein  -  ribosomal  protein 
tRNA  -  transfer  ribonucleic  acid 
mRNA  -  messenger  ribonucleic  acid 

EF  1  -  elongation  factor  1  which  is  the  aminoacyl-transfer  RNA  binding 
factor 

EF  2  -  elongation  factor  2  which  is  the  translocase  factor 

elF  -  eukaryotic  initiation  factor 

Met-tRNAf  -  initiator  methionyl-tRNA 

GTP  -  quanosine  triphosphate 

DTT  -  dithiothreitol ,  a  reducing  agent 

polysome  -  a  mRNA  molecule  with  3+  ribosomes  attached 

SOS  ribosome  -  ribosome  comprised  of  60S  and  40S  subunits 

60S,  40S  ribosome  -  large  and  small  ribosomal  subunits,  respectively 

TCA  -  trichloroacetic  acid 

b .  Initiation  of  protein  synthesis 

The  following  section  is  a  description  of  refined  initiation  assays  which 
are  included  in  the  research  plan.  It  should  be  emphasized  that  we  intend  to 
examine,  in  detail,  only  those  reactions  affected  by  toxin  as  indicated  by 
combined  data  from  lysate  and  partially  fractionated  globin  protein 
biosynthesis  systems. 

Initiation  of  protein  synthesis  consists  of  a  series  of  reactions 
involving  at  least  8  initiation  factor  proteins,  methionyl-tRNAf ,  GTP,  ATP. 
mRNA  and  ribospmal  subunits.  These  reactions  appear  to  occur  in  a  defined 
sequence  as  shown  (26).  Our  plan  is  to  study  the  effect  of  toxin  on  formation 
of  initiation  complexes  in  an  unfractionated  reticulocyte  lysate.  Rationale 
for  the  assay  is  that  exogenously  added,  laboratory-synthesized 
[  - 'S  ]Met  •  -t.RN'Af  will  take  part  in  initiation  following  the  "Scheme  A" 

(Page  9).  However,  should  toxin  block  one  or  more  of  these  steps,  the 
[35S]Met--tRNAf  will  accumulate  in  an  intermediate  complex.  Each  of 
these  complexes  can  be  detected  and  identified  by  either  separation  on  sucrose 
gradients  following  centrifugation,  or  by  collection  on  nitrocellulose  filters. 


I 


Scheme  A 


c.  Elongation  of  Protein  Synthesis 
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The  three  steps  involved  in  peptide  elongation  are  1)  binding  of 
aminoacyl-tRNA  to  the  ribosome,  2)  formation  of  a  peptide  bond  between  amino 
acids  in  the  growing  protein  catalyzed  by  peptidyl  transferase  and  3) 
translocation  of  peptidyl-tRNA  from  one  site  to  another  site  on  the  samefc 
ribosome.  All  of  these  steps  will  be  monitored  in  the  absence  and  presence  of 
Shiga  toxin  as  described  below.  Although  it  seems  inappropriate  to  give  a 
complete  description  of  the  elongation  process  in  this  report,  it  should  be 
pointed  out  that  each  of  these  individual  steps  in  elongation  may  be  monitored 
in  one  or  more  ways  by  utilizing  radioactivity  probes  in  each  of  the  different 
components  that  take  place  in  the  reactions.  During  our  experience  with  these 
assays,  we  have  been  able  to  describe  the  site  of  action  of  several  rather 
specific  inhibitors  of  eukaryotic  protein  synthesis  (22-24). 


The  assay  systems  measure:  1)  binding  of  aminoacyl-tRNA  to  the  ribosome, 
2)  translocation  of  aminoacyl-tRNA  on  ribosomes,  3)  Ef-2-GDP-ribosome 
complex  formation,  4)  EF-1  and  EF-2  GTPase  activity  and  5)  peptidyl  transferase 
activity. 


d.  Ribosomal  Proteins 


All  of  the  48  r-proteins  found  in  60S  ribosomal  subunits  are  separable  by 
two-dimensional  gel  electrophoresis  (26-28).  This  procedure  will  be  used  for 
our  examination  of  the  60S  subunit  acidic  and  basic  r-proteins  isolated  from 
untreated  and  toxin-inactivated  60S  subunits.  Proteins  extracted  from  60S 
particles  will  be  separated  in  the  first  dimension  by  their  electrophoretic 
mobility  at  pH  8.6  on  a  cylindrical  8%  acrylamide  gel.  The  second  dimension 
separation  is  a  function  of  size  of  r-proteins  and  is  carried  out  at  pH  4.2  in 
an  18%  acrylamide  slab  gel  (29).  Variations  in  this  general  description 
include  acrylamide  concentration,  pH,  voltage,  time  of  electrophoresis,  and 
ratio  of  acrylamide  to  bis-acrylamide.  These  variations  are  considered 
important  because  of  the  possibility  that  an  altered  protein  from  toxin-treated 
ribosomes  could  assume  a  new  co-migration  pattern  with  any  of  the  other 
r-proteins. 

e.  Ribosomal  RNAs 


Although  this  section  was  not  included  in  the  initial  research  plan,  we 
plan  to  examine  the  rRNAs  of  toxin-treated  ribosomes  to  fully  round-out  our 
examination  of  toxin  action  at  the  ribosomal  level.  Three  rRNA  species  located 
in  the  60S  ribosome  are  5S,  5.8S  and  28S  rRNAs. 


Examination  of  thet,e  rRNAs  is  accomplished  in  two  parts.  First,  the  size 
of  rRNAs  are  analyzed  on  polyacrylamide  gels.  This  will  allow  us  to  detect  an 
enzymatic  hydrolysis  of  the  rRNAs  which  would  yield  RNA  fragments  of  10 
nucleotides  or  larger.  Second,  the  individual  RNA  species  are  studied  for 
modification  at  their  termini  by  the  modern  technique  of  RNA  sequencing.  In 
the  latter  case,  each  rRNA  type  is  radioactive  labeled  with  [32p]t  chemically 
hydrolyzed  with  nucleotide-specific  reactions  and  fragments  separated  by  gel 
electrophoresis.  Using  this  technique  one  can  determine  the  exact  nucleotide 
sequence  at  the  ends  of  each  RNA. 


Results 


Summary  of  Time-Effort  and  Research  Progress 

An  overview  of  the  initial  two-year  contract  period  is  presented  in  Tables 
1  and  2.  This  is  designed  as  a  conceptual  aid  while  a  more  detailed 
description  of  the  results  obtained  are  located  in  the  following  sections  "a" 
through  "f" . 


TABLE  1  Footnotes: 


The  following  commentary  is  a  statement  related  to  rate  of  progress. 

PART  A: 

1.  These  data  were  obtained  rapidly  as  the  study  was  performed  in 
reticulocyte  lysate  preparations  which  did  not  require  purification 
of  protein  synthesis  enzymes. 

2.  In  contrast  to  the  studies  above  (part  Al),  extra  time  was 
required  to  purify  elongation  factor  l(EF-l)  from  rabbit  reticulo¬ 
cytes.  The  elongation  factors  EF-1  and  EF-2  are  labile  proteins 
which  have  caused  moderate  difficulty  in  this  part  of  the  project. 
Examination  of  EF-2  dependent  reactions  underway  at  this  time 
indicate  Shiga  toxin  does  not  inhibit  this  step  in  protein 
synthesis.  Acquisition  of  a  HPLC  unit  through  our  recently  approved 
(fiscal  year  1985)  DOD-University  Research  Instrumentation  Program 
application  will  afford  a  more  efficient  means  of  dealing  with 
purification  of  EF-2  protein. 


PART  B: 

3.  Examination  of  the  numerous  basic  (pl=10)  ribosomal  proteins 
(r-proteins)  by  2-D  PAGE  has  gone  smoothly.  However,  the  few  acidic 
r-proteins  have  yet  to  be  separated. 

•1 .  A  close  lock  at  5S,  5.8S  and  28S  rRNAs  from  toxin-treated 
ribosomes  went  smoothly  until  we  started  RNA  sequencing  of  the  5' 
and  3’  ends  which  has  been  time  consuming  due  the  technical 
difficulties  involved.  We  remain  convinced  that  the  extra  time 
required  to  obtain  these  data  is  very  much  worthwhile  and  is  an 
integral  part  of  the  methodical  approach  being  taken. 

5.  Crosslinking  of  toxin  to  ribosomes  was  scheduled  as  the  last  of 
the  projects  to  be  undertaken.  We  have  established  that  solid-state 
iodination  and  reaction  of  Shiga  toxin  with  these  ligands  does  not 
reduce  biological  activity  of  the  toxin. 


TABLE  2  SUMMARY:  PROGRESS  TOWARDS  COMPLETION  OF  ORIGINAL  RESEARCH  GOALS 
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ing  of  ST  to  ribosome 


TABLE  2  Footnotes : 


PAST  A: 

1.  Purified  EF-2  protein  required  for  this  study,  from  rabbit 
reticulocytes . 

2.  Partial  inhibition  was  observed  in  the  last  step  of  initiation 
which  requires  60S  ribosomal  subunits. 

3.  Submission  to  journals:  M( manuscript)  1,  Biochem.  J.  (Sept. 
1984);  M2,  J.  Biol.  Chem.  (Oct.  1984);  M3,  J.  Biol.  Chem. 

4.  Negative  results  obtained  required  coupling  of  these  data, 
obtained  early  in  the  project,  with  positive  data  on  EF-1  reactions 
(part  A3),  completed  only  recently. 


PART  B: 

5.  Separation  of  basic  r-proteins  based  on  mass  and  net  charge  at 
pH  8.6,  9.6  or  10.6. 

6.  Includes  comparison  of  Shiga  toxin  data  with  those  of  alpha 
sarcin  toxin  (a  known  ribosome  inhibitor  with  RNase  activity) 
serving  as  a  positive  control. 

7.  Based  on  examination  of  5S  and  5.8S  rRNA;  28S  rRNA  is  present¬ 
ly  being  examined. 

8.  Includes  examination  of  rRNA  from  Shiga  toxin-inactivated 
ribosomes  and  of  isolated  "free"  rRNA  species  exposed  directly  to 
toxin . 

9.  Recently  established  that  reaction  of  photoaffinity  ligand  to 
Shiga  toxin  does  not  alter  biological  activity  of  toxin  (in  dark) 
as  and  inhibitor  of  protein  synthesis. 


RESULTS 


Initiation  of  Protein  Sy 
initiation  of  mammalian 


Shiga  tcodn  does  not  inhibit 


A  detailed  study  \es  performed  to  determine  if  Shiga  toxin  affected 
initiation  of  eukaryotic  protein  biosynthesis.  Results  from  this  series  of  experiments 
were  conclusive;  Shiga  toxin  did  not  interfere  with  formation  of  intermediate  crap  1  axes 
or  reactions  presented  in  scheme  A. 

IM-HMA,  CTP 

I 


Scheme  A 


<0  S  tlT  1  Utf.lftMA'  OTP 

ATA.mAMA-^I  tlf.AA 


'.m»MA-^J  ,lf.  4  A 

]  .ir-«« 

IOP— tlf-l 

is-tir  »Mti.ipM 

to  J-sJ 

]  <tM 
'  l.SOP^i, 


m«MA-40S-tir  j-Utl-iPN*,  OTP 


«PNA.SOS  Wtt>lPNAf  ♦  PwwayCM  -«• 
Mtl-  kh««h 


These  studies  were  conducted  in  either  reticulocyte  lysates  with 
endogenous  mRNA  or  in  assay  mixtures  containing  partially  purified  initiation  factors, 
ribosomes,  artificial  mRNA  and  initiator  [ ]methicnyl-tRNA .  Most  of  these  components 
were  prepared  in  Dr.  Cbrig's  laboratory  using  established  procedures.  In  the  cause  of 
brevity,  results  fran  cue  such  experiment  is  presented  (Table  3).  The  basis  of  this 
assay  is  formation  of  the  final  complex  of  initiation  resulting  from  step  no.  4  (above) 
and  its  reaction  with  purcmycin  to  yield  [  -^S  jmet-purcmycin  as  indicated  in  step  no.  5. 
Shiga  toxin  exhibited  only  a  marginal  effect  an  this  assay,  indicating  the  toxin  did  not 
inhibit  steps  numbered  1  through  5,  i.e. ,  the  entire  peptide  initiation  process. 


FEDERATION  PROCEEDINGS 
(1983)  42: 1808 . 


iICA  TO  ZIP  D0*S  MT  ATTIC I  UUTIATtOh  Ot  PPOTSIP  STKTKtSIS. 

S  Obrli* .  T.f.  »mi*  and  J  .1.  Uo«"«  (SPOP:  J.L.  Cl40»)  . 
U,,.,.  »L  f,l.  Albany.  iff  12208  and  Valtnr  (Md  Any  In»t. 

M- .  Waahlntcoa.  X,  20012. 

■  0.1 1*  to*la,  ehd  procaln  coaln  of  SM(«U»  ‘ 

u  duva  u  inhibit  autaryodc  protaio  .ynchaai*  c»t*- 

ydealiy.  haya  nov  axaaiaad  toxin  acdoe  foe  U* 
m  laic la cion  of  procata  lynch**!*.  ?o*la.  pudfiad  co  hoao- 
«nalC7  froa  5.  lyaanctda*  1.  acraio  38180.  *a*  Aceivacad 
tth  rTCX-crypalo  followed  by  phanylnecnylauifonyi  fluoride, 
tu  and  dlchlochratcol.  A  Shl|*  co*in  coneaneraclon  of  1  v*/ 
1  yhleh  coaplacaiy  tahlbta  procem  ayncneala  to  recieuiocy te 
,HCI  vu  uclllaad .  In  cha  pretence  of  nboaoaal  »*U  ***b 
race  loo.  foraadoa  of  '.ho  ctrnarr  toicacioo  eoaple*  1  S;«*f 

UUf-alT-2-CTT  vii  ooc  affected  by  cha  coala.  Tutth.t,  vhon 
ucroaa  iradlanc-laoiaced  nboaoooi  ware  added,  codon-direcced 
lndtac  of  lJ5Si«ae  c*M(  co  cha  <>0S  tlboaoaa  “•«  noe  Inhibic- 
4  by  co* In.  Toxin  affacca  oa  protein  aynchaal*  mldacloa 
a  coaplac*  ratlculoeyc*  lyaaca*  were  aooicocid  cn  cha  ?re- 
>nc,  ['5slKat ■  tWAf .  Accumulation  of  cha  nidation  coaplax 
^slMacc**A#-40S  dboaoaal  »ubuo  lc -xfUtA ,  ptoaocad  la  ra- 

CP  Taf  and  S.T  -aochylan#  CTT.  wa*  OOC  tnhiblcad  la  cha 
eoxia.  riaally.  [  »S  |Hac  ■  clhA-dOS  dboao«- 
JJU  coaalaa  fotaad  la  Sbl»a  toala-craacad  lT}»t*»  ““  fu^r 
^bJTtf  raaetln*  with  Putorcia  co  .1.U  :»*! 
niroeycla.  tfa  ccacloda  chat  Shi*a  costa  tahlbic*  otocaio 
ryncheala  without  affaedn*  cha  laiclacloa  pcocea*. 


1OMJWO0  'A1IAU0V 


Table  3 

’sjMethionylpuromycin  formation  in  unfractionated  reticulocvte  lysate 


minus  lysate 

complete,  4®C 

complete,  37°C 

complete,  37®C,  Shiga  toxin 

complete,  37®C,  HCR 


315 

265 

4,315 

3,885 

560 


KCr  is  hemin  control  repressor,  a  protein  kinase  activated  in 
lysates  incubated  at  37°C  without  hemin.  ECR  phosphorylates 
(inactivates)  initiation  factor  elF  •  2.  HCB.  was  added  to  the 
assay,  where  indicated,  at  zero  time  as  a  positive  control. 


Praltin  Syn thtsit 


/Enzymatic 

Rtia-  IRNA  Binding 

IN  • 


0.0045  0.045  0.45  4.5  4< 

SHIGA  TOXIN  CONCENTRATION,  itg/ml 


0.0089  0.089  0.39  8.9  3' 

SHIGA  TOXIN  CONCENTRATION,  jg/ml 


Effect  of  Shiga  toxin  on 
total  protein  synthesis  and 
phe-tRNA  binding  to  reticulo¬ 
cyte  ribosomes. 


Fig.  2.  Effect  of  Shiga  toxin  on 

EFl-dependent  GTPase  activity 
on  reciculocvte  ribosomes. 


These  series  of  experiments  measured  elongation  factor-1  (EF1  )-depeident 
binding  of  [-n]phe-tRNA  to  isolated  reticulocyte  ribosomes  in  the  presence  or  ahyryp 
of  9nga  toxin.  The  phe-tftiA  binding  --as  GIP  and  polyfj)  dependent  and  «s  catalyzed 
with  fxjrified  eucaryotic  EF1  protein.  The  data  indicate  9iiga  toxin  has  a  clear  effect 
on  this  reaction  (Fig.  1).  Interestinly,  the  potency  of  Shiga  toxin  against  phe-tRNA 
hinding  is  virtually  identical  to  its  relative  inhibitory  activity  far  overall  protein 
synthesis  as  measured  by  [^Hjleucine  incorporation  into  globin  protein  in  unfrac¬ 
tionated  reticulocyte  lysates  (Fig.  1). 

Other  data  support  the  concept  that  the  primary  action  of  Shiga  toxin  is  on 
EH -catalyzed  reactions  vhich  require  intact  riboscmes.  The  GIThse  activity  associated 
with  EH  protein  was  also  inhibited  by  Siiga  toxin  in  a  dose-dependent  manner  (Fig.  2). 

These  effects  of  Siiga  toxin  reailt  from  its  action  an  60S  ribosamal  submits  rather  than 
on  EH  directly  as  excess  EF1  protein  could  not  overcame  the  inhibition. 

unximon  it  srca  ran*  or  iLoc-ncr  rwmx  l-otrtmrxT 
ujumcms  ar  n  cm  nr  nmns.  tb.  c.  orii»,  j.  Uwi 

Itow.  >b4  Tim  t.  HofM*.  41  ha 07  Hsd.  Col . ,  Albsay,  JfY 
12206,  sod  Vilccr  Kaad  Army  Ioat.  bi.,  Vaatuaftoa,  DC  20307 
Shiga  coda,  a  protein  coda  af  Shift  11a  dyssntsrlss  1  pr e- 
rlously  shown  to  inhibit  «MTtatlcally  wuryoilc  prottio  »yr- 
thaala.  hat  now  b««q  ei«aln>4  for  a  direct  tfftet  oa  slonya- 
(loa  factor  KEF-I  )-d«pand«nt  reaction*,  trifled  corlo  from 
S.  dy  eatsrl  ze  1  atraio  3816-0,  wat  activated  uslog  TPCX-t  ryp“ 
•  la.  followed  by  phe nylmst  hylzult onyl  fluoride,  10  N  uru 
and  10  aH  dl Chlochraitol .  9Uga  coda  inhibited  ( 3HI  -Fhe-tKXA 
bladlag  to  rlbooosaa  tested  to  reaction  fixtures  contain- 

lag  poly(D),  purified  £H.  and  0.3  *  KCl-w««h*d  reticulocyte 
rlboaoaat.  llnolog  w am  Inhibited  2*1  and  *6!  by  0-0*3  and 
0.43  ug  tozio/ml,  respectively.  Similar  levels  of  inhibition 
ware  ooearvaa  with  o-tarcia,  vnertas  ao  Inhibition  was  ottact- 
•d  with  diphtheria  Coda.  Inhibition  by  Shiga  10*10  w»»  not 
affected  by  either  rate-limiting  or  saturating  amounts  of  £F- 1 
protelo.  Conceotrationa  of  todo  wruch  Inhibited  LF- 1  -depen¬ 
dent  Pbe-it^A  binding  caused  Similar  reductions  af  tocal  pro- 
tala  synthesis  la  reticulocyte  lysate  reaction  mixture*.  Hon- 
-enzymatic  binding  of  Fha-tlH*  to  rlboaoaas  was  aot  affected. 
EF- 1  -dependent  enzymatic  CTPaae  va*  lamiblted  by  Shiga  tozin 
la  a  doae-depeodeae  maoner  la  mizturaa  coe raining  EJ-1 ,  fht- 
tl]U,  rlboaomes  and  {T-3*!  .  The  degree  of  Inhibition  -as 

equal  to  thac  obaersed  with  pnvtolaccls  (PAf)  or  o-sarda. 

We  conclude  that  9tigo  toxin  haa  a  direct  inhibitory  effect 
00  amiaoacyl-tM A  binding  react  Iona  af  peptide  elongation. 


FEDERATION  PROCEEDINGS 
(1984)  43:1953. 


c.  Elongation  of  Protein  Synthesis:  Shiga  toxin  appears  not  to  inhibit 
elongation  factor -2  reactions 

The  most  recent  data  from  cur  laboratory  indicate  that  Shiga  toxin  has 
no  effect  on  EF-2-depcndent  reactions.  An  identical  concentration  of  toxin  ruximally 
inhibits  total  protein  synthesis  in  reticulocyte  lysates.  The  EF-2  dependent  assay  was  a 
measure  of  GIEase  activity  in  a  system  containing  buffer,  potassiim  and  ragnesiun  salts, 
and  [&?-  jGIP. 

d.  Saiga  toxin  does  not  modify  riboscrral  proteins 

Ntmercus  attempts  vere  made  to  reveal  a  Siiga  toxin-related  change  in  one 
or  more  of  the  60S  riboscmal  submit  proteins.  These  proteins  v/ere  isolated  from  either 
toxin-treated  or  control  ribosomes  and  analyzed  by  2-D  PAGE.  Separation  in  the  first 
dirxnsicn  was  by  net  charge,  and  in  the  second  dimension  by  protein  mass.  Results  of 
typical  r -protein  patterns  are  presented  in  Figure  3.  Although  we  conclude  tint  no 


toxin-related  changes  occur  in  these  parameters,  it  is  possible  that  Shiga  toxin  could 
modify  the  r -proteins  in  a  vey  vhich  would  not  be  detectable  by  this  2-0  PAGE  procedure. 


••  fJ'.Z  ?  *  •  *- 


*1®  *  • 


Fig.  3.  Effect  of  Shiga  toxin 
on  r -proteins  of  60S  riboecrml 
submits.  Reticulocyte  polysomes 
were  incubated  with  (right)  or 
without  (left)  toxin  and  60S 
submits  isolated.  The  r -proteins 
were  extracted  and  analyzed  by  2-D 


PAGE. 


e.  Ribosonal  RNAs:  Shiga  toxin  does  not  exhibit  RNase  activity  similar  to 
alpha-sarcin 


on  twt  kecbahisji  or  actiq»  or  smica  toxm  w  m  ixmiiitiom 
or  tuKAMoric  furmit  mmirsis.  t.f-  norm*,  t.c.  ovrig* 

and  J.t.  «rovn»  (STOW:  J  L.  Cltna) .  Albany  Hcd .  ColUga. 
Albany.  «.  12208  and  Ualtar  *tcd  Amy  Inat .  *«•-.  Uaphlngcoo. 
DC,  20012. 

Ua  hava  obaarved  Chat  Shiga  coala  appaaci  Co  atfact 
•ukaryoclc  procclo  lyntbuli  by  Inhlblcloa  of  cha  aaiooacyl- 
tMA  bladlai  tcap  of  papcldc  alongacion  Is  a  aasnac  alallar  Co 
thac  of  Q-»arcla.  S Inca  cha  aachan  1  %m  of  s-iaccln  lavolvaa 
hydrolyila  of  28S  rWU  Is  60S  tlboaoaal  tubunlci,  cha  acdos 
of  Shiga  coals  os  28S  rIKA  vaa  eaaarnad  Co  dacaralsa  If  lea 
aachanln  of  lohlbldos  vaa  alsllar  co  chac  of  a-aarclo.  Toa- 
Ls  ^urlflod  co  hoaoganalcy  froa  Shlcalla  dyaancarlaa  1,  acrals 
38180.  vaa  pcatocubacad  vlch  5  ug/al  ITCK-crypato  follovad  by 
18  og/al  phasylaachylaolfooyl  flvorldo.  2.3  ag/al  ucaa  aod 
10  W<  dltblochcalcoi.  Toato- inacdvadon  of  rabbit  radculs- 
cyca  clboaoaea  ail  cardad  ouc  by  addition  of  coals  co  alchsr 
lyaaca  or  cruda  dboaomal  pal  lac  ac  a  aolar  ratio  of  coals  co 
80S  rlboiooa  of  1:10.  l^lleuclno  Incorporation  lsto  »cld- 
lsaolubla  aacarlal  la  lyaaca  praparadona  vaa  cooplataly  ls- 
hlblcad  by  thla  aaa?uoc  of  coals.  Xlboaoaal  SHA  vaa  aacraccad 
froo  control  or  coais-craacad  rlboaooa*  and  analyiad  by  poly- 
acrylanido-agaroso  gal  alaccrophoraata .  Alcho'igh  fragoasca 
darlvad  froo  2BS  rfXA  vata  obaarrad  froo  o-aarels-craacad 
rlboaooaa.  so  bydrolyala  of  28S  or  18S  tWA  vaa  dacactad  froo 
Shiga  coda-craatad  rlboaooaa.  Thva.  It  appaara  chac  Shiga 
coals  laacclvacaa  rlboaooaa  Is  a  oassar  dlffarasc  chaa 
a- a arc la. 

Ehta  accumulated  to  date  indicate  that  9ug^  toxin  does  not  hydrolyze  rRNA  of 
intact  ribosomes  to  yield  a  rRNA  fragment  as  does  alpha -sarcin,  a  kncMi  6CS  riboscral  submit 
inactivator  and  specific  RNase.  A  series  of  experiments  were  conducted  to  determine  if  shiga 
toxin  possesses  fJfaae  activity  vhich  could  explain  how  it  inactivates  60S  ribosunal  subunits. 
Alpha-sarcin  vas  included  as  a  positive  control  as  this  fmgal-derived  toxin  is  known  to 
specifically  hydrolyze  rRNA  of  intact  ribosomes  to  yield  an  approximate  500  nucleotide 
fragment  frcm  the  3'-terminus  of  28S  rRNA.  Results  from  one  such  experiment  are  presented 
(Fig,  4).  The  alpha-sarcin  cleavage  fragment  is  designated  o(-s.  Shiga  toxin  action  did  not 
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resilt  in  the  fonnation  of  or  any  other  rRNA  fragnent  not  present  in  the  control  srples. 

'^hanged  if  ribosonal  m  from  control  and  toxin-treated  ribosoies  were 

(S!L4)1°r  W  autcradi°8raPhy  fon^  3'-end  labeling 
31x1  t4  ^  ligase.  Ribonuclease  activity  of  Shiga  toxin  protein  has  been 
oteerved  on  free  rWA  and  is  presently  being  examined  rrore  rlrrely. 


Zl&i  ^  •  Effect  of  Shiga  toxin  an  rfaiA  species  frcm 
toxin-treated  reticulocyte  riboecnES. 


CONTROt-  ALPHA 
SARCIN 


SHIGA  CONTROL 
TOXIN 


ALPHA  SHIGA 

SARCIN  TOXIN 


PROCFDURF:  RIBOSOMAL  SUBUNITS  WERE  ISOLATED  FROM  TOXIN- 
TREATED  POLYSOMES  (P-100)  WITH  ANALYSIS  OF  EXTRACTED 
rRNA  ON  A  2.7X  ACRYLAMIDE  GEL.  IN  A  POLYPHEHYLALAN I NE 
SYNTHESIS  ASSAY.  60S  RIBOSOMES  TREATED  WITH  EITHER  TOXIN 
WERE  BIOLOGICALLY  INACTIVE  IN  CONTRAST  TO  QOS  RIBOSOMES 
WHICH  WERE  NOT  AFFECTED  BY  THE  TOXINS. 


f.  RiboeoiBl  RNAs;  giiga  toxin  does  not  result  in  modification  of  the 
3'-terminal  sequence  of  5.8S  rt^A 


A  key  element  of  the  6C6  ribosome  is  5.8S  rfaiA.  This 
canponent  is  involved  in  the  ribcecnal  acceptor  site  into  vhich  armnoacyl-tft'iA  binds.  It  also 
resides  in  the  general  location  of  the  lesion  resulting  from  Shiga  toxin  inactivation  of 
ribosomes.  The  main  conclusion  drawn  fron  all  of  our  function  data  is  that  Shiga  toxin 
modifies  a  riboscraal  canponent  which  is  part  of  the  acceptor  site.  Thus,  5.8S  rfftiA  fron  Shiga 
toxin  inactivated  and  control  riboscraes  was  examined  more  closely.  To  date,  we  have  sequenced 
the  3' -terminus  of  these  5.8S  rRNAs.  It  is  concluded  that  sequence  of  nucleotides  nunbered 
106  through  158  (the  3' -terminus)  are  identical  in  ccntol  and  taxin-treBted  samples.  The 
toxin-treated  sample  is  dxwi  in  Figure  5.  We  are  presently  examining  the  5 '-terminus  of  5.8S 
rRNA,  as  well  as  the  5’  and  3 '-termini  of  56  and  28S  rRNA  species.  This  is  deemed  important 
because  removal  of  ^iart  (1-1CNT)  stretches  from  these  rRNA  species  may  not  have  been  detected 
by  cur  previous  protocol,  but  could  cause  significant  reduction  in  60S  ribosome  biological 
acitivity. 


Fig.  5.  Effect  of  Shiga  toxin  on 

3'-tenninal  sequence  of  5.8S 
rRNA  fron  6G6  riboscmel  sub¬ 
units  of  toxin-treated  retic¬ 
ulocyte  polysomes. 


Discussion  of  Results 


a.  Initiation  of  Protein  Synthesis 


It  seans  quite  clear  fran  the  data  obtained  on  this  part  of  the  project  that  Shiga  toxin 
is  not  a  primary  inhibitor  of  the  initiation  process.  Thus,  Shiga  toxin  is  without  effect  on 
each  of  the  individual  steps  of  initiation  as  depicted  in  Scheie  "A".  This  being  the  case,  a 
working  hypothesis  has  evolved  vhich  implicates  Shiga  toxin  as  strictly  being  a  riboecrae 
inactivator.  Structural  modification  of  the  60S  riboscrral  submit  most  likely  results  in  a 
single  major  functional  change,  namely  inhibition  of  amincacyl-tft'tA  binding  to  ribosomes,  a 
process  which  requires  elongation  factor  1.  In  simple  terms,  this  explains  vhy  Shiga  toxin 
inhibits  elongation  rather  than  initiation  of  peptides. 

b.  Elongation  of  Protein  Synthesis 

As  described  above,  Shiga  toxin  modifies  6C6  ribosomes  by  an  arzvmatic  process  to  cause  a 
functional  lesion  in  the  EF-1 -dependent  elongation  step.  The  basic  question  r mains  as  to  vhy 
EF-1  does  not  react  fully  with  toxin-treated  ribosomes.  It  is  believed  that  the  answer  to 
this  will  come  only  when  the  structural  modification  in  ribosomes  is  identified. 

Our  most  recent  data  indicate  that  Shiga  toxin  does  not  inhibit  EF-2-dependent 
reactions.  Thus,  its  primary  effect  is  on  EF-1 -dependent  reactions. 

c.  Ribosanal  Proteins 


In  order  to  identify  the  physical  modification  Shiga  causes  in  the  60S  ribosome  one  must, 
at  a  maxuiun  examine  the  47  ribosanal  proteins  for  changes  in  size  or  charge.  This  is  most 
easily  acccrplished  by  the  technique  of  2-D  gel  electrophoresis  as  we  'nave  performed. 
Separation  of  proteins  in  the  1st  dimension  is  a  fincticn  of  charge.  Since  most  of  the 
r-proteins  are  basic,  they  will  carry  positive  charges  at  pH  8.6,  and  migrate  towards  the 
cathode.  However,  because  seme  of  these  r-proteins  have  isoelectric  points  between  pH  10  and 
11  (more  basic  than  histones)  it  is  probable  that  small  changes  in  charged  amino  acids  on 
these  proteins  would  go  mdetected  by  electrophoresis  at  pH  8.6.  Thus,  we  have  also  started 
to  examine  these  proteins  by  ruining  the  1st  dimension  at  either  pH  9.6  or  10.6.  The  second 
dimension  separation  is  based  on  size  exclusion  of  proteins  fran  the  pores  of  a  high  per¬ 
centage  polyacrylamide  matrix.  Smaller  proteins  rui  faster  through  the  gel  than  do  larger 
proteins.  Results  from  this  study  have  not  shewn  reproducible  differences  between  protein 
patterns  from  control  vs.  Shiga  toxin-treated  ribosomes.  However,  a  complete  examination  of 
the  r-proteins  with  the  varied  conditions  is  yet  to  be  ccnpleted 

d.  Ribosanal  F^lAs 


Of  the  three  rRNA  species  present  in  60S  ribosomes,  we  have  been  arable  to  detect  a 
change  in  their  size  as  a  result  of  Shiga  toxin  action  on  ribosomes.  The  limit  of  detec tia . 
for  size  changes  is  approximately  10  nucleotides.  As  a  positive  control,  we  have  had  little 
difficulty  resolving  a  480  nucleotide  fragment  released  from  28S  rRNA  by  alpha  sarcin  toxin 
action  an  606  ribosomes.  The  data  presented  in  this  report,  together  suggest  thBt  Shiga  toxin 
has  a  mode  of  action  different  from  that  of  alpha  sarcin. 

As  martioned  earlier,  3riga  toxin  may  have  specific  exonuclease  activity  hereby,  1  to  10 
nucleotides  are  reraved  fran  either  the  3'  or  5'  termini  of  the  5S,  5.8S  or  28S  rRNAs.  This 
can  only  be  determined  by  sequencing  of  the  termini  of  these  rRNAs.  Initial  sequencing  data 
of  the  3*  terminus  of  5.8S  rfftA  indicates  that  this  Shiga  toxin  does  not  have  its  action  at 
this  site.  The  5.8S  rRNA  sequence  has  been  strcngly  conserved  through  evolution.  Our 


sequence  data  matches  very  closely  to  that  of  yeast  and  mouse  hepatonB  5.8S  rfJJA  and  is 
identical  through  the  first  35  nucleotides  starting  from  the  3'  terminus.  We  are  presently  in 
the  process  of  checking  the  other  termini  of  rf^JAs  from  Shig  toxin-treated  606  ribosomes. 

Using  this  technique  we  would  be  treble  to  detect  a  difference  in  these  rfftiA  species 
should  only  a  few  nucleotides  be  cleaved  from  their  termini  by  Shiga  toxin.  Thus,  we  have 
started  to  exanine  the  rlftlAs  more  closely  by  the  Nfexam-Gilbert  sequencing  procedure.  The  5.8S 
rRNA  has  been  isolated  from  Shiga  toxin-treated  60S  ribosares,  3*  end-labeled  with  [-^P] 
using  T4  RNA  ligase,  processed  with  base-specific  chemical  hydrolysis  and  resolved  on  a  122 
polyacrylamide  gel.  An  autoradiograph  of  this  gel  is  presented  in  Figure  5.  The  nucleotide 
sequence  revealed  from  this  pattern  indicates  that  3'  terminus  of  5.8S  rRNA  obtained  from 
Shiga  toxin-treated  60S  ribosomes  is  virtually  identical  to  that  of  published  sequences  of 
5. 8S  rRNA  from  otter  sources.  The  control  5.8S  rRNA  has  just  been  sequenced  and  agrees  with 
this  concept. 


Conclusions 


The  conclusions  to  be  drawn  from  cur  experimentation  to  date  are  the  following: 

1.  Shiga  toxin  does  not  significantly  inhibit  initiation  of  eukaryotic  protein 
synthesis. 

2.  The  major  functional  lesion  caused  by  3uga  toxin  action  an  ribosomes  is  located  at 
the  amnoacyl-tWiA  binding  step  of  the  peptide  elongation  process. 

3.  Shiga  toxin  does  not  affect  EF-2  reactions  in  peptide  elongation. 

4.  We  have  confirmed  a  very  recent  report  that  Shiga  toxin  specifically  inactivated  60S 
but  not  4QS  ribosomal  submits. 

5.  Shiga  toxin  does  not  cause  major  electrophoretic  of  size  changes  in  riboecnal 
proteins  from  606  ribosomes. 

6.  Both  Shiga  toxin  and  alpha  sarcin  were  shown  to  specifically  inhibit  the  biological 
activity  of  606  ribosomes  in  protein  synthesis. 

7.  Incubation  of  ribosomes  with  an  inhibitory  concentration  of  either  toxin  yielded 
fragmentation  of  ribosonal  RNA  only  in  ribosomes  treated  with  alpha  sarcin. 

8.  Shiga  toxin  and  alpha  sarcin  appear  to  interact  with  6C6  riboecmes  in  a  different 
manner  although  both  toxins  cause  a  similar  functional  lesion  in  aninoacyl-tENA 
binding  into  the  ribosomal  A-site. 

9.  The  3'-tenninus  of  5.8S  rRNA  fran  Shiga  toxin-inactivated  606  riboecmes  is  virtually 
identical  to  that  of  control  5.8S  rfliAs. 

Reccnraendaticns 

Several  modes  of  investigation  may  be  pursued  vdiich  will  ultimately  reveal,  at  the 
biochemical  level,  the  mechanian  by  which  Shiga  toxin  inactivates  Gikaryotic  riboecmes.  These 
directions  of  study  are  the  following: 

1.  Analysis  or  riboecnal  proteins  using  refined  gel  electrophoretic  techniques  as  are 
presently  being  applied  in  this  project. 

2.  To  complete  the  sequence  analysis  of  rf$IA  species  of  toxin  treated  vs.  control 
riboscmes. 

3.  Application  of  the  chemical  crosslinking  technique  to  this  problem  to  help  identify 
the  topographical  location  of  Shiga  toxin  binding  and  modification  site  on  606 
riboscmes.  That  is,  Shiga  toxin,  labeled  with  could  be  crosslinked  to 
riboscmes  using  bifincticnal  chemical  reagents  and,  following  dissociation  of 
riboecmes  into  their  protein  and  FNA  components,  the  moiety  to  which  the  toxin  is 
attached  would  be  identified.  A  line  of  experimentation  by  vhich  to  acccnplish  this 
latter  approach  is  presented  in  the  contract  renewal  protocol. 
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